electrogenic divalent/chloride anion exchangers/transporters with no motor function. These 38 studies appear to suggest that prestin was evolved from an anion transporter. We examined 39 the motor and transport functions of prestin and its orthologs from 4 different species in the 40 vertebrate lineage to gain insights of how these two physiological functions became distinct. There appears to be an inverse relationship between NLC and anion transport functions, 49
INTRODUCTION

57
Mammalian cochlear outer hair cells (OHCs) have the unique capability to rapidly change 58 their length in response to membrane voltage change (Ashmore 1987; Brownell et al. 1985) . 59
Prestin, a membrane-bound protein (Zheng et al. 2000) , is responsible for this so-called 60 electromotility. Amino acid sequence analyses has indentified prestin to be the fifth member of 61 a distinct anion transporter family called solute carrier protein 26A, or SLC26A (Zheng et al. 62 2002). So far, eleven members of this family have been identified (Mount and Romero 2004) . He et al. 2003) . These studies, together with the fact that prestin belongs to 80 the SLC26A family, appear to suggest that prestin may be evolved from an anion transporter. 81
Monotremes, such as platypus, are the survivors of early branching of the mammalian 82 evolutionary tree. Recently, prestin ortholog of platypus (Ornithorhynchus anatinus, Oanat) was 83 identified and sequenced (Okoruwa et al. 2008 ). Platypus prestin is an evolutionary link that 84 was performed using the QuikChange XL site-directed mutagenesis kit (Stratagene, La Jolla, CA) 114 and the full coding length platypus fragment was cloned into the XhoI and BamHI sites of the 115 expression vector pEGFP-N1 (BD Biosciences). Correct orientation and reading frame were 116 verified by sequence analyses (Beisel et al. 2005) . 117
Cell culture and transient transfection 118
Human embryonic kidney (HEK) cells were cultured in DMEM solution (Invitrogen, CarIsbad, 119 CA), supplemented with 10% fetal bovine serum. For electrophysiological studies, the cells were 120 passaged into 35-mm dishes 24 hours before transfection, with cell confluence of 121 approximately 50-60% of the surface area of the dishes. Prestin or chimera constructs were 122 introduced into the dishes using lipofectamine 2000 (Invitrogen) following the manufacturer's 123
instructions. The amount of DNA used for each 35 mm dish was 4 µg, mixed with 10µl 124 lipofectamine. For radioisotope uptake experiments, the cells were passaged into 24-well plates 125 24 hours before transfection, with cell confluence of 2 x 10 5 per well. The number of cells was 126 counted by hemacytometer (Fisher Scientific Inc., Pittsburgh, PA). The amount of DNA used for 127 each well was 0.8 µg, added to 1.6 µl lipofectamine. Fluorescence microscopy was used to 128 examine the expression and the membrane targeting of the EGFP during experiments for cell 129 selection. Confocal microscopy was used for the pictures presented in this study (Matei et al. 130 
2006). 131
Chinese hamster ovary (CHO) K1 cells were also used in radioisotope-labeled anion uptake 132 experiments. We used this alternative cell line in order to compare the transfection rate and 133 transport function with those of HEK cells, using the same protocol, amount of DNA and 134
lipofectamine. 135
Nonlinear capacitance (NLC) measurements 136 NLC was measured using the whole-cell voltage-clamp techniques. The cells were bathed in 137 the extracellular solution containing (mM): 120 NaCl, 2 MgCl 2 , 2 CoCl 2 , 20 TEA, 10 HEPES, 10 138 4-AP. Recording pipettes were pulled from borosilicate glass with resistances between 2. where, Q max is maximum charge transfer, V 1/2 is the voltage at which the maximum charge is 155 equally distributed across the membrane, or equivalently, the peak of the voltage-dependent 156 capacitance, C lin is linear capacitance, and α = ze/kT is the slope of the voltage dependence of 157 charge transfer where k is Boltzmann's constant, T is absolute temperature, z is valence of 158 charge movement, and e is electron charge. 159
The C lin is proportional to the surface area of the membrane (the size of the cell). Since C lin 160
is not relevant to this study, we subtracted the linear capacitance and only presented the NLC 161 to different cell sizes, we normalized the NLC by the linear capacitance of the cells. 164
Motility measurements 165
To measure electromotility of transfected HEK cells, a suction pipette or microchamber was 166 used to mechanically hold the cell and to deliver voltage commands (He 1997 for protein analysis using the Bradford assay. In each run, 3 wells were used and assayed for 209 each plasmid. The experiments were repeated in 3 separated runs. Therefore, the data in each 210 group were collected from a sample size (n) of 3 x 3 = 9 trials for each plasmid and control. 211
In the second approach, we applied fluorescence-activated flow cytometry to obtain EGFP- CellQuest software. Totally 600,000 events (cells) were collected for each sample. The collected 222 cells were re-suspended in culture medium and allowed to attach to culture dishes for 6 hours. 223
The floating dead cells were removed by changing the medium and the remaining (attached) 224 cells were washed off and re-plated into a 24-well plate after cell counting with a 225
hemacytometer. The cells were cultured for another 42 hours to ensure firm attachment before 226 the formate uptake was measured.
228
RESULTS
229
Gain of NLC during Functional Evolution of Prestin 230
The function of mammalian prestin is generally defined by at least two essential 231 detected (n=20). An example of the lack of NLC is presented in Fig. 1B (black lines) . 253
Platypus prestin (pPres) exhibited robust bell-shaped voltage-dependent NLC (Fig. 1B, blue  254 lines). However, unlike gPres, the peak NLC of pPres was significantly shifted in the right 255 (depolarizing) direction with V 1/2 close to -8 mV. The magnitude of NLC was also significantlyless than that of gPres (p<0.01, Student T-test). parameters obtained from these species using Boltzmann curve fitting are presented in Table I . 266
We measured the NLC from 12 zPres-expressing HEK cells and an example is exhibited in Fig.  267 1B (brown lines). The NLC of zPres had a small elevated peak response that was more positively 268 shifted than that of cPres. The saturated response in most cases was not clearly seen even at 269 150 mV and could not be determined due to membrane breakdown at very large depolarized 270 membrane potentials. For those cells whose peak responses that could be determined within 271 the voltage applied, the NLC magnitude was extremely small, ~90 fF. It is noted that some 272 uncertainty remained as to whether a two-state Boltzmann function was the most appropriate 273 delineation of the voltage dependence of zPres, because only part of the voltage range (below 274 150 mV) for NLC measurement was accessible to curve fitting. 275 A significant shift of the V 1/2 toward negative potential was observed in cochlear OHCs 276 when intracellular Cl -was replaced by an equal amount of I -(Jia and He, unpublished data). 277
Since V 1/2 of cPres and pPres was significantly shifted in the positive direction and since zPres 278 did not show an obvious peak within the applied voltage range, we questioned whether V 1/2 279 could be altered by substituting the intracellular Cl -with equal amount of I -. Therefore, the 280 purpose of set of experiments was to determine whether the small elevation of the capacitance 281 response of zPres was indeed voltage-dependent and whether a two-state Boltzmann function 282 was appropriate to describe its voltage-dependence. Substituting Cl -with I -would allow us to 283 see the peak NLC within the voltage range applied. More importantly, since Cl -and I -have 284 different ionic radii, it would be interesting to see how the size and electronic structure of 285 anions interact with prestin. As shown in Fig. 2 , V 1/2 of gPres exhibited a shift as much as 100-286 140 mV to the negative direction when Cl -was replaced by I -by using CsI. While zPres did not 287
show an obvious saturated response within the voltage range applied with Cl -as intracellular 288 solution in most cases, a peak response was detected near 0-20 mV when I -was used. 289
Parameters derived from the curve fitting with Boltzmann function yielded for zPres: Q max /C lin = 290 3.9 ± 2.3 fC/pF, V 1/2 = 8.9 ± 13.9 mV, 1/α = 60.4 ± 19.2 mV and z = 0.48 ± 0.19, respectively. We 291 next examined Q max and z value in order to determine whether these two important parameters 292
were different when intracellular Cl -was replaced by I -. We obtained the Q max and z value from 293 five gPres-transfected cells with I -substituting for Cl -. Q max and z value didn't show statistical 294 significance between the Cl --and I --group. These values are presented in Table I . 295
296
Gain of Motor Function during Functional Evolution of Prestin 297
The motor function is mediated by the "actuator" in the molecule and manifested as length . Since a spherical cell cannot effectively change its 301 surface area, we altered the spherical shape by drawing them into the suction pipette 302 (microchamber) to produce a dumbbell shape (Fig. 3A ). An estimated voltage of 200 mV (peak-303 to-peak) was applied to the extruded membrane segment. This voltage magnitude was large 304 enough to generate a saturated response. HEK cells transfected with gPres exhibited large 305 cycle-by-cycle response to the sinusoidal voltage stimulation. The magnitude of the motile 306 response was 85 ± 27 nm (mean ± SD, n=8). We used the same voltage protocol to measure 307 motility from pPres-expressing cells. An example of the response is presented in Fig. 3B . The 308 response magnitude was 53 ± 14 nm (mean ± SD, n=6), significantly less than that of gPres 309 (p<0.01, Student T-test). 310
Twenty-three zPres-transfected cells, all exhibiting clear membrane labeling, were probed 311 for electromotility using sinusoidal voltage bursts of 300 mV (peak to peak) estimated to be 312 the system resolution of 5 nm. An example of lack of motility is presented in Fig. 3B . We also 318 measured motility from twenty cPres-positive cells using the same voltage protocol for zPres. 319
None of the cells measured showed any time-registered response to the sinusoidal voltage 320 stimulus (Fig. 3B) . that there was no difference in formate uptake between the two negative control groups 334 suggests that EGFP transfection has no effect on formate uptake in HEK cells. HEK cells 335 transfected with pendrin showed a robust increase in format uptake comparing to the two 336 control groups (Fig. 4A) . Formate uptakes of the HEK cells transfected with zPres and cPres 337 were also significantly higher than the control groups (one-way ANOVA, P < 0.01 and P < 0.05, 338 respectively). In contrast, cells transfected with pPres and gPres did not show a significant 339 increase above the control groups (Fig. 4A) . We examined the transfection rate of prestin 340 orthologs using fluorescence-activated flow cytometry. Cell sorting was based on fluorescence 341 intensity after calibration. The transfection rates among four different species varied between 342 20 and 40 percent of the total cells in each well (Fig. 4B) . Gerbil prestin and pPres had highertransfection rate than zPres and cPres. A higher transfection rate would mean that these two 344 groups had more cells to contribute to transporting formate if they retain that capability. In 345 another words, pPres and gPres would have significant formate uptake if they could transport 346 formate. Apparently, the lack of significant formate uptake of mammalian prestin with higher 347 transfection rate was not due to transfection efficiency. To make sure that the difference in 348 formate uptake was not due to variation of cell loss during preparation for uptake 349 measurement, we also measured the total protein concentration. As shown in Fig. 4C, amount  350 of protein among prestin orthologs was essentially the same. Figure 4D shows the formate 363 uptakes measured from different constructs of prestin orthologs as well as the positive and 364 negative controls. The result was consistent with that shown in Fig. 4A , that is, while zPres and 365 cPres showed significant increase in uptake, pPres and gPres were not statistically different 366 from the negative control. 367
To further confirm if the formate uptakes observed in pendrin, zPres and cPres were 368 mediated by the transport mechanism, an anion transporter blocker, DIDS, was added in the 369 solution. Four constructs including human pendrin, zPres, gPres and EGFP-vector (control) were 370 tested. Inhibition of formate uptakes was determined from all the cell population with cell 371 sorting and EGFP-positive cells only after cell sorting. In either approach, formate uptakes of all 372 the constructs were significantly reduced by DIDS (Fig. 5A,B) . The reduction of formate uptake 373 in the cells transfected by EGFP-vector suggests that the inherent transporters of HEK cells 374 were also sensitive to DIDS. In pendrin-transfected cells, the inhibition was dose-dependent 375 (Fig. 5A) . Formate uptakes of zPres and gPres appeared to be more sensitive to DIDS than 376 pendrin and diminished to the same level of about 13-15 pmol as the control group in the 377 presence of 0.5 or 1 mM of DIDS. (Fig 5C) . 385
Despite lower rate of transfection, zPres and cPres also exhibited formate uptake significantly 386 higher than the control groups (Fig. 5C) ). However, formate uptakes of pPres and gPres were 387 that display features shared with both reptiles and mammals. By measuring motor and 397 transport functions, we were able to show for the first time that there is a reciprocal trend 398 between anion transport properties and NLC during functional evolution of prestin (Fig. 6) . 399
Inverse changes are observed among the four species such that as transport function 400 diminishes from zebrafish to gerbil, NLC becomes more prominent along with a characteristicshift of V 1/2 from positive to negative voltages (Fig. 1) . The gain of NLC is accompanied by the 402 acquisition of somatic motility in both platypus and gerbil prestins (Fig. 3 ). It appears that the 403 motor function of prestin is, as previously thought (Franchini and derived feature in the mammalian prestin. Mammalian prestin contains a shortened EL2 and a 414 modified TM6, which is elongated in many fish species. Platypus prestin, the prototherian 415 already exhibits robust NLC and motility, is similar to the eutherian meEM motifs in both these 416 critical regions. The presence of motor function in platypus prestin (Fig. 3) out that we cannot rule out the possibility of small motility (less than 5 nm) in zPres and cPres 443 that might be missed due to the resolution limit of our measurement system. We further add 444 that no voltage-dependent somatic motility and NLC were observed from isolated chicken hair 445 cells in our previous study (He et al. 2003) . It is possible that the voltage range (between -120 446 and 38 mV) used for the early study was not large enough to evoke small voltage-dependent 447 NLC that was significantly shifted toward more positive potentials in cPres. It is noted that 448 although the prestin ortholog was cloned from chicken inner ear epithelium, it is still unknown 449 whether the ortholog is expressed in hair cells or other cells in the chick inner ear (Schaechinger 450 and Oliver 2007) . 451
Through replacement of intracellular Cl
-with I -we were able to identify discernable NLC 452 peak for zebrafish prestin. Replacement of intracellular Cl -with I -resulted in a significant shift 453 of V 1/2 in all 4 species (Fig. 2) . The mechanism of this shift is unknown. However, it has been 454 reported that prestin has different anion affinity with an order of I -≈ Br -> NO3 -> Cl -> HCO3 -> 455
F
- (Oliver et al. 2001 ). This order is similar to that observed for anion-binding to pendrin and 456 some chloride channels (Fahlke et al. 1997; Scott and Karniski 2000) . It is possible that the size 457 of anion may play an important role as the bulk of I -is significantly larger than that of Cl -. 458
Another important factor might be the size of the hypothetical tunnel that allows anions to 459 bind to a specific site and to translocate across the membrane. Using the inside-out patch 460 recording, Oliver et al. (2001) showed that Q max and z value increase after Cl -was replaced by I -.
461
Although the shift in V 1/2 was significant, we did not see statistical differences in z value after I -462 substitution in the whole-cell recording mode (Table I) . The values of Q max after normalizing 463 with C lin were also not statistically different. It is possible that the discrepancy may be related 464 with the two different recording techniques. The magnitude of NLC is much greater and 465
should be more sensitive to anion substitution when measured in the whole-cell mode than in a 466 small piece of membrane (patch-mode). However, the inside-out patch mode has the 467 advantage of comparing changes before and after perfusion in the same preparation. In the 468 whole cell mode, since the comparison was made between two groups of cells, the variation of 469 prestin-expression levels in different cells could potentially mask some small differences. 470
Although prestin and prestin orthologs from mammals and non-mammalian vertebrates all 471 exhibit NLC, it is still controversial as to whether mammalian prestin can transport anions. among the transport capabilities of the four prestin orthologs we measured (Fig. 4) . Zebrafish 477 and chicken prestin showed formate uptake substantially higher than mammalian prestin and 478 controls. This was consistent with the previous study using electrophysiological approach 479 We measured transport capability from both HEK and CHO cells using the same standard 485 technique used in virtually all previous studies. We went further by measuring formate 486 uptakes from only transfected cells after cell sorting. This can minimize influence of different 487 transfection rate on measurements. In previous studies, formate uptake was measured from 488 the total population that contained both transfected and non-tranfected cells. If the 489 transfection rate is low, only a small proportion of cells that are transfected can contribute to 490 specific transport activity. Therefore, the specific transport activity of interest can potentially 491 be masked by the background uptake. Our approach using cell sorting should significantly 492 improve sensitivity to detect weaker transportation of substrates across the cell membrane 493 since the measurements were only taken from the transfected, EGFP-positive cells. Even with 494 the improved approach, we did not observe transport capability greater than the background 495 uptake in pPres and gPres. Although we cannot completely rule out the possibility that 496 mammalian prestin still retain some extremely weak transport capability, it strongly suggests 497 that such transport capability diminishes during functional evolution of prestin. 498
In conclusion, there appears to be an inverse relationship between motor and anion 499 transport functions during functional evolution of prestin. Motor function appears to have only 500 emerged in mammalian prestin and the gain of motor function is concurrent with diminished 501 transport capabilities. However, the fact that non-mammalian prestin orthologs can transport 502 anions suggests that prestin is evolved from an anion transporter. The parameters in each column are statistically significant among different species (p<0.01, Student T-test).
